The molecular bases of myelodysplastic syndromes (MDS) are not fully understood. Trimethylated histone 3 lysine 4 (H3K4me3) is present in promoters of actively transcribed genes and has been shown to be involved in hematopoietic differentiation. We performed a genome-wide H3K4me3 CHIP-Seq (chromatin immunoprecipitation coupled with whole genome sequencing) analysis of primary MDS bone marrow (BM) CD34 þ cells. This resulted in the identification of 36 genes marked by distinct higher levels of promoter H3K4me3 in MDS. A majority of these genes are involved in nuclear factor (NF)-kB activation and innate immunity signaling. We then analyzed expression of histone demethylases and observed significant overexpression of the JmjC-domain histone demethylase JMJD3 (KDM6b) in MDS CD34 þ cells. Furthermore, we demonstrate that JMJD3 has a positive effect on transcription of multiple CHIP-Seq identified genes involved in NF-kB activation. Inhibition of JMJD3 using shRNA in primary BM MDS CD34 þ cells resulted in an increased number of erythroid colonies in samples isolated from patients with lower-risk MDS. Taken together, these data indicate the deregulation of H3K4me3 and associated abnormal activation of innate immunity signals have a role in the pathogenesis of MDS and that targeting these signals may have potential therapeutic value in MDS.
INTRODUCTION
The myelodysplastic syndromes (MDS) are a complex group of myeloid disorders characterized by peripheral blood cytopenias and an increased risk of transformation to acute myelogenous leukemia (AML). 1 Although we have witnessed significant improvements in our ability to diagnose and treat patients with MDS, 2 the prognosis of a large majority of patients with MDS is still poor. 3 Molecular research in MDS is complicated by the absence of cell lines, few available animal models 4 and the heterogeneous nature of the disease. 5 The pathogenesis of MDS is the consequence of both genetic and epigenetic lesions, including alterations of DNA methylation and histone modifications. 6 For instance, a large proportion of genetic mutations identified so far in MDS occur in DNA methylation regulators such as TET2, IDH1/2 and DNMT3A, as well as histone modifiers such as EZH2 and ASXL1. 7, 8 Histone 3 lysine 4 trimethylation (H3K4me3) is one of the best characterized histone marks and is known to be associated with an active gene transcription state. 9 H3K4 methylation has been shown to be crucial for lineage determination of hematopoietic stem/early progenitor cells (HSPCs). 10 JMJD3 is a JmjC domain protein involved in the control of histone methylation and gene expression regulation. 11 As MDS is the result of severely compromised hematopoiesis, 1 we hypothesized that H3K4me3 genomic distribution could be abnormal in the HSPCs of MDS and that its mapping will allow us to gain insight into the pathophysiology of the disease. To study this, we performed CHIP-Seq (chromatin immunoprecipitation coupled with whole genome sequencing) to compare genome-wide H3K4me3 distribution at gene promoter regions between MDS and normal genomes. Three major findings are reported here. First, we identified 36 genes differentially marked by higher H3K4me3 levels at their promoters in MDS BM CD34 þ cells. Second, a majority of these gene products are involved in innate immunity regulation and NF-kB activation, suggesting a role for the deregulation of innate immunity signaling in MDS. Third, we identified that JMJD3 is involved in the transcription regulation of the genes identified by CHIP-Seq. Inhibition of JMJD3 in cultured primary MDS CD34 þ cells isolated from patients with lower-risk MDS resulted in an increased formation of erythroid colonies. These data suggest that MDS CD34 þ cells are characterized by deregulation of innate immunity signals and that this information could have prognostic and therapeutic value.
Isolation and culture of bone marrow (BM) CD34 þ cells Human samples were obtained following institutional guidelines. MDS BM specimens were obtained freshly from patients referred to the Department of Leukemia at MD Anderson Cancer Center. Diagnosis was confirmed by a dedicated hematopathologist (CB-R) as soon as the sample was obtained. BMs from healthy individuals were obtained from AllCells (Emeryville, CA, USA). Isolation of CD34 þ cells was performed using MicroBead Kit (Miltenyi, Bergisch Gladbach, Germany) following manufacturer's instructions. For colony-forming assays, MDS BM CD34 þ cells were seeded at 10 4 cells/ml, respectively, in 3.5-cm round culture dishes with methocult GF H4434 (Stem Cell Technology, Vancouver, Canada). Colonies were evaluated after 2 weeks of culture.
Chromatin immunoprecipitation
OCI-AML3 and fresh human BM CD34 þ cells were cross linked before adding 0.125 M glycine and were processed following published CHIP protocol. 9 Detailed protocol is described in Supplementary Materials and methods.
CHIP-PCR
Immunoprecipitated DNA was analyzed by quantitative real time PCR (Q-PCR) using the Quanti-Tect SYBR Green PCR kit (Qiagen, Valencia, CA, USA). The amount of DNA fragment co-precipitated with antibody was calculated and compared with the amount of the same genomic fragment in total input DNA, resulting in percentage of input. A list of primers is shown in Supplementary Table S1 .
Illumina sequencing of CHIP DNA and data analysis Concentration of CHIP DNA was calculated using Picogreen DNA quantization kit following manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). CHIP DNA libraries were prepared and then sequenced following the manufacturer's protocols (Illumina, San Diego, CA, USA). Sequence reads (http://www.hgsc.bcm.tmc.edu/collaborations/ruichen/MDS/) were mapped to the human reference genome (hg18) using BWA (BurrowsWheeler Aligner). 12 To maximize the sensitivity of enriched region detection, data obtained from MDS patient and normal controls were pooled as patient and control, respectively. Enriched regions in MDS patients and normal controls were identified using MACS (model-based analysis of ChIP-Seq) with default parameters by comparing the pooled ChIP-Seq data to its matching input control. 13 To ensure specificity, a P-value of 10 À 6 was used as cutoff to identify enriched regions across the genome. In-house perl scripts were developed to identify putative promoter peaks that were differently enriched in MDS samples versus normal controls.
Capture deep sequencing of genomic DNA Illumina paired-end libraries were generated according to the manufacturer's protocol (Illumina). Three micrograms of pre-capture library DNA was used for each capture reaction. NimbleGen SeqCap EZ Hybridization and Wash Kits (Roche, Basel, Switzerland) were used following the manufacturer's protocol. In all, 14-17 cycles of PCR amplification were applied to the samples after hybridization, based on yield. After that, captured libraries were quantified by picogreen and sequenced on the Illumina HiSeq 2000 as 100-bp paired-end reads, following the manufacturer's protocols. Sequencing data were stored as fastq format, which contained reads and quality information. Fastq files were then mapped and aligned to human reference hg18 using BWA. 12 To refine the alignment and adjust the quality score provided by sequencer, genome analysis toolkit was used to realign reads and recalibrate the quality score.
14 Single nucleotide polymorphisms (SNPs) were called using AtlasSNP2 (http://www.hgsc.bcm.tmc.edu/cascade-tech-software_atlas_snp-ti. hgsc). The posterior probability was set as 0.9 and the minimum number of variants reads as 3. To identify rare SNPs, candidate SNPs were filtered against dbSNP130, 1000 genome database and the Human Genome Sequencing Center (Baylor College of Medicine) internal database. Indels were called using AtlasIndel (http://www.hgsc.bcm.tmc.edu/cascade-tech-software_atlas2_snp_ indel_calling_pipeline-ti.hgsc).
Quantitative RT-PCR Total cellular RNA was extracted using Trizol (Invitrogen) according to the manufacturer's protocol. Two hundred nanograms of total RNA were used for reverse transcription (RT) reactions using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA) following the manufacturer's protocol. For real-time PCR, primers and probes were purchased from Applied Biosystems and analyzed using an Applied Biosystems Prism 7500 Sequence Detection System. PCR reactions were performed using 20 Â Assays-On-Demand Gene Expression Assay Mix and TaqMan Universal PCR Master mix according to the manufacturer's protocol. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as internal control.
siRNA transfection
Control siRNA and siRNAs targeting C5AR1, PTAFR, FPR2 and TYROBP genes were purchased from ABI Silencer Select Pre-Designed and Validated siRNA collection (Applied Biosystems). Transfection of OCI-AML3 cells was performed using Lonza nucleofector T kit (Lonza, Basel, Switzerland) with the siRNA pool containing 1 mmol of each siRNA or 4 mmol control siRNA. Cells were collected 24-48 h after transfection.
Recombinant retrovirus-mediated shRNA transduction pGFP-V-RS plasmids expressing the 29mer shRNA against human JMJD3 or control shRNA were purchased from Origene (Rockville, MD, USA). Recombinant retrovirus expressing shRNA were packaged in 293FT (Invitrogen) and concentrated using the PEG-IT virus precipitation solution (System Biosciences, Mountain View, CA, USA). Transduction of OCI-AML3 and BM CD34 þ cells with virus was performed by mixing virus with cell suspension followed by centrifugation at 30 1C for 90 min with 4 mg/ml polybrene in medium. After viral transduction, OCI-AML3 cells with stable expression of the shRNA against JMJD3 or a control scrambled shRNA were established in the presence of puromycine (10 mg/ml) in medium.
Immunocytochemical analysis
Immunocytochemical analysis was performed using a cytospin preparation of CD34 þ enriched mononuclear cells according to standard procedures. 15 The following antibodies were used: serine 276 phosphorylated p65 (p-p65, active form; Cell Signaling Technology, Cambridge, Danvers, MA, USA), and JMJD3 raised in rabbit against affinity-purified GST-JMJD3 (amino acids 798-1095) following previously published method. 16 The antisera were affinity-purified on GST-JMJD3. Photomicrographs were captured using an Olympus BX41 dual head light microscope equipped with an Olympus Q-Color 5 digital camera (Olympus America, Center Valley, PA, USA), with a Â 20 plan-apochromat objective. Digital images were obtained and adjusted using Adobe Photoshop CS3 (Adobe, San Jose, CA, USA).
Statistical methods
Overall survival was defined from date of sample to date of death or date last known alive; patients last known alive were censored for this analysis. To investigate associations between gene expression and overall survival, we considered splitting expression level at the 25th, 50th and 75th percentiles, generating three possible binary variables. Associations with clinical and demographic features at the time of sample were assessed only at the median expression level. For ordered clinical features such as the International Prognostic Scoring System (IPSS), the Kruskal-Wallis test was used; for binary features, such as gender, the Fisher's exact test was used. For continuous variables such as percentage of BM blasts or hemoglobin, the Wilcoxon's rank sum test was used.
RESULTS
Mapping of H3K4me3 with CHIP-Seq in primary MDS BM CD34 þ cells To study the potential differences in the distribution of H3K4me3 between MDS and normal cells, we compared genome-wide H3K4me3 locations at gene promoter regions of four MDS BM CD34 þ cell and four normal BM CD34 þ cell genomes. Patient characteristics are shown in Supplementary Table S2 . H3K4me3 signals obtained in each of these eight genomes can be viewed at http:// www.hgsc. bcm. tmc. edu/ collaborations/ ruichen/MDS. Overall CHIP-Seq data quality was confirmed by peak specificity analysis using saturation of recovery rate (Supplementary Figure  S1A ). Genome-wide H3K4me3 peak distribution in these samples
were preferentially located at the 5 0 end of known genes (Supplementary Figure S1B) , which is consistent with previously reported H3K4me3 CHIP-Seq analysis. 9 To maximize the sensitivity to call MDS-specific high H3K4me3 peaks, reads obtained from four MDS patients and four normal controls were pooled, respectively. Using MACS approach, 13 36 gene promoter regions (within 2 kb to transcriptional start site) with differentially higher levels (4four fold) of H3K4me3 in MDS samples were identified ( Table 1) . Examples of the CHIP-Seq identified H3K4me3 signals in MDS and control CD34 þ cells for 11 of these 36 genes are shown in Figure 1a . To confirm the CHIP-Seq results, we randomly selected 11 of these 36 promoters and performed H3K4me3 CHIP-PCR, which confirmed the increased levels of H3K4me3 in MDS samples for all the promoters analyzed (Supplementary Figure S1C) . Next, we measured RNA expression for 16 of these 36 genes in MDS CD34 þ cells. Number of samples used for the analysis of each gene is listed in Supplementary Table S3 . A summary of patient characteristics is shown in Supplementary  Table S4 . As shown in Figure 1b and in Supplementary Table S3 , Q-RTPCR analysis indicated that all of the 16 genes examined, except for PRX, were significantly overexpressed in MDS CD34 þ cells. As expected, these results confirmed the positive correlation between transcription activity and the level of promoter H3K4me3.
Genes associated with distinct high levels of H3K4me3 at their promoters in MDS BM CD34 þ cells are involved in innate immunity signaling and nuclear factor (NF)-kB activation Twenty-five of the 36 genes identified by CHIP-Seq have previously been reported to be associated with innate immunity regulation ( Table 1) . Ingenuity pathway analysis indicated that 7 of these 36 genes (C5AR1, FPR2, FCGR2A, MEFV, IL8-RB, TYROBP and PTAFR) encode upstream activators of NF-kB (Supplementary Figure S2) . We confirmed increased levels of promoter H3K4me3 and increased RNA expression in MDS BM CD34 þ cells for all these genes (Figures 1b and c) . Previous studies have reported NF-kB activation in MDS in MDS BM CD34 þ cells. 17 We performed immunostaining of phosphorylated p65 (p-p65), a component of activated NF-kB complex, 18 in primary MDS and control BM CD34 þ cell cytospins. This staining confirmed increase levels of p-p65 in MDS cells suggestive of NF-kB activation ( Figure 2a ). To further study the effect of the CHIP-Seq identified genes on NF-kB activity, we transfected OCI-AML3 cells with a pool of four siRNAs each individually against C5AR1, FPR2, TYROBP and PTAFR. This led to reduced RNA expression of the four targeted genes by 40-70%, respectively (Figure 2b ). In the siRNA-transfected OCI-AML3 cells, reduced intensity of nuclear p-p65 was observed ( Figure 2c ). These data indicate that these genes are involved in NF-kB activation.
JMJD3 (KDM6b) is overexpressed in MDS BM CD34 þ cells JMJD3 encodes a JmjC-domain protein with H3K27 demethylase activity and has also been demonstrated to be positively associated with H3K4me3 regulation. 19, 2011 JMJD3 is a known transcriptional target of NF-kB after innate immunity stimulation. 15 Because multiple of the genes identified by CHIPSeq are involved in NF-kB activation, we studied JMJD3 expression in MDS BM CD34 þ cells. RNA levels of JMJD3 were examined in a cohort with 121 samples and was found to be overexpressed in 54% of the cases (4two fold increase) (Figure 3a ). The average JMJD3 RNA level in the whole cohort was eightfold of control normal CD34 þ cell samples (Po0.0001; Figure 3c and Supplementary Table S3 ). To investigate whether overexpression of JMJD3 in MDS CD34 þ cells is specific among multiple histone demethylases, we analyzed the RNA expression of 19 other histone demethylases (Supplementary Figure S3A) . The only other histone demethylase significantly overexpressed in MDS CD34 þ cells was JMJD1A, but its overall levels of upregulation and statistical significance were both lower than JMJD3 (Supplementary Figure S3B) . To further characterize JMJD3 expression in MDS BM CD34 þ cells, we performed immunohistochemical staining of JMJD3 protein in primary BM CD34 þ cytospins of patients with MDS (N ¼ 7) and healthy controls (N ¼ 2). Five of the seven MDS samples examined had strong JMJD3 signals in the cell nucleus, whereas both control CD34 þ specimens had very weak nuclear JMJD3 signals (Figure 3b) . These results are consistent with the RNA expression data described above. As JMJD3 has been shown to be expressed in macrophages, 18 and to exclude macrophage contamination in the MDS CD34 þ specimens analyzed, we stained cytospins from CD34-enriched MDS BM cells with CD68, a marker of human macrophage lineage. 21 No CD68 signal was detected (Supplementary Figure S3C) . JMJD3 contributes to form a positive feedback loop between NF-kB activation and genes identified by CHIP-Seq To study the relation between JMJD3, NF-kB activation and genes identified by CHIP-Seq, we transfected OCI-AML3 with siRNAs against C5AR1, FPR2, PTAFR and TYROBP. Together with the reduction in NF-kB activation shown above (Figure 2b) , we also observed a decrease in JMJD3 RNA expression (Figure 3c ). This was accompanied by dissociation of the NF-kB p65 subunit from the consensus NF-kB-binding site of JMJD3 promoter (Figure 3d ). These results indicated that multiple genes identified by CHIP-Seq in MDS could positively regulate the transcription of JMJD3 via NF-kB.
In activated murine macrophages, genomic distribution of JMJD3 strongly correlates with positive regulation of the H3K4me3 levels at promoter regions, rather than with the changes of H3K27me3. 22 Therefore, we studied the relationship between JMJD3 and genes identified by CHIP-Seq. We established an OCI-AML3 cell line that constitutively expresses a shRNA against JMJD3. These cells had a 50% decrease of JMJD3 RNA (Figure 4a) . RNA expression for 6 of the 7 genes identified by CHIP-Seq involved in NF-kB activation (except for MEFV) was reduced (ranging between 35% and 65%) compared with control cells (Figure 4a ). Knock down of JMJD3 also led to decrease of NF-kB p-p65 signal in nucleus OCI-AML3 cells (Supplementary Figure S4 and Figure 4b ). To further characterize the impact of JMJD3 on histone methylation at the promoters of these genes, we measured the levels of H3K4me3 and H3K27me3. In JMJD3 knock-down cells, reduced H3K4me3 levels were observed in the promoters of IL8RB, TYROBP and FPR2 (Figure 4c ), whereas increased H3K27me3 was detected only in the promoter of IL8RB (Figure 4d ). We also observed that overall promoter H3K27me3 signals were weaker than H3K4me3. Finally, in primary MDS BM CD34 þ cells, the expression levels of JMJD3 were associated in a positive fashion with the expression levels of the following CHIPSeq-identified genes: Table S3) . Two rare single nucleotides (SNPs) of JMJD3 (CCT-TCT: Pro1313-Ser; CCG-TG: Pro642-Leu) and one SNP of JMJD1A (TCT-GCT: Ser423-Ala) were identified (Supplementary Figure S5) . However, all three SNPs were also present in BM CD3 þ Abbreviations: BCL2, B-cell lymphoma 2; CARD, caspase-associated recruitment domain; CHIP-Seq, chromatin immunoprecipitation coupled with whole genome sequencing; CHR, chromosome; CXCR1, C-X-C motif chemokine receptor; H3K4me3, histone 3 lysine 4 trimethylation; IFN, interferon; IgG, immunoglobulin G; IL, interleukin; ITAM, immunoreceptor tyrosine-based activating motif; MDS, myelodysplastic syndromes; NADPH, nicotinamide adenine dinucleotide phosphate; NK, natural killer; TLR, Toll-like receptor; TSS, transcriptional start site.
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T cells from the same patients and therefore unlikely to be somatic. Figure S6A) . We also used methocult assays to examine the impact of JMJD3 inhibition on the hematopoietic potential of MDS CD34 þ cells. We transduced primary BM CD34 þ cells isolated from patients with newly diagnosed lower-risk MDS (N ¼ 4) and higher-risk MDS (N ¼ 4) with a recombinant retroviral-mediated shRNA against JMJD3. Patient characteristics are described in Supplementary Table S4 . JMJD3 shRNA resulted in reduced levels of JMJD3 RNA expression in primary MDS BM CD34 þ cells examined (Supplementary Figure S6C) . After 2 weeks of culture in methocult medium, discrepant effects on colony formation were observed between lower-risk and higher-risk samples. Three out of four lower-risk samples had an increased number of CFU-E after Figure 5a ). On average, after JMJD3-shRNA transduction, 73 CFU-E were formed per 10 4 MDS BM CD34 þ cells plated, which was a 52% increase compared with the number of CFU-E formed after control-shRNA transduction (Figure 5a ). No significant effect on the formation of myeloid colonies was observed after JMJD3 inhibition (Figure 5a ). Representative images of the methocult colonies formed from one lowrisk sample are shown in Figure 5b . In contrast to the observations in lower-risk MDS, we did not observe positive effect on the formation of erythroid or myeloid colonies in any of the four BM CD34 þ cells isolated from patients with higher-risk MDS (Supplementary Figure S6D) . To further verify the effect of JMJD3 inhibition in lower-risk samples, we measured transcripts of several genes known to be positively associated with erythroid differentiation, including Glycophorin-A (GYPA), CD71and EPOR. In the cells collected from methocult colonies, expression of all the three genes was increased after JMJD3 inhibition (Figure 5c ). The most significant increase was observed in GYPA. The effect on gene expression further confirmed the positive impact of JMJD3 inhibition on the differentiation of erythroid lineage in MDS BM CD34 þ cells of lower-risk type of MDS.
Inhibition of JMJD3 positively regulates erythroid colony-forming units (CFU-E) formation in MDS BM CD34 þ cells Anemia is one of the most common clinical manifestations of MDS. Erythroid colony formation is known to be decreased in cultured MDS BM CD34 þ cells. 23,24 We observed that BM CD34 þ cells isolated from lower-risk (IPSS low-risk and intermediate-1) and higher-risk (IPSS intermediate-2 and high-risk) MDS both had significantly lower numbers of CFU-E in methylcellulose medium (methocult)-supported clonogenic assays (Supplementary

Potential clinical implications of CHIP-Seq-identified genes in MDS
We performed an exploratory analysis of clinical implications of expression of genes identified by CHIP-Seq in MDS BM CD34 þ cells. A number of the genes analyzed showed potential correlation with overall survival. This included NCF2, AQP9 and MEFV (Figures 6a-c) . We also explored the association between these genes and IPSS. PTAFR (P ¼ 0.05), NCF2 (P ¼ 0.058), AQP9 (P ¼ 0.017), MEFV (P ¼ 0.012) and FCAR (P ¼ 0.019), dichotomized at their median expression levels, were associated with risk by IPSS score. 25 These results are exploratory and need to be studied in larger cohorts. 
DISCUSSION
It has been demonstrated that the regulation of histone methylation/demethylation affects a wide range of essential biological processes, such as early development of embryonic stem cell. 26 H3K4 methylation has been shown to impact lineage determination during normal hematopoietic differentiation. 10 Based on this and because MDS is the result of BM hematopoietic stem cell dysfunction, we hypothesized that the The large majority of genes identified by CHIP-Seq are involved in the activation of innate immunity signaling. Of note, overexpression of several innate immunity regulatory genes in CD34 þ cells of MDS has been previously reported. 27 The innate immune system is the first line of defense against pathogens. 28 Recently, emerging evidence has suggested a direct regulation of HSPCs by innate immunity signaling. 29 For instance, previous studies have indicated that the Toll-like receptors are expressed in primitive hematopoietic cells, and that acute Toll-like receptor stimulation alters myeloid/lymphoid ratios, whereas chronic stimulation results in stem cell exhaustion and BM failure. 30, 31 A small number of studies have also indicated a role for innate immunity deregulation in MDS. For instance, mir-145 and mir-146a have been demonstrated to regulate expression of TRAF-6, a key innate immunity regulator, in a model of del5q MDS. 29 The identification of deregulation for H3K4me3 and activation of innate immunity signal suggests that they have a potential interaction in HSPCs of MDS that should be further investigated. In this study, we provide evidence that JMJD3 may potentially regulate this interaction. JMJD3 is an epigenetic regulator and is also a known transcription target of NF-kB after innate immune stimulation. 22 The identification of JMJD3 overexpression further supports that in MDS CD34 þ cells innate immunity and NF-kB signaling are activated. Furthermore, its involvement in the positive regulation of multiple genes involved in NF-kB activation suggests that JMJD3 forms a feedback loop between innate immunity effectors and the activation of NF-kB. Mechanistically, we provide evidence that this feedback loop mediated by JMJD3 is associated with epigenetic regulation. After JMJD3 knock down, decreased levels of H3K4me3 were observed at the promoters of three of the involved genes, and one gene promoter (IL-8RB) presented detectable alterations of H3K27me3. These results are consistent with previous reports that although JMJD3 is an H3K27 demethylase, it is also a component of complexes harboring H3K4me3 methyltransferase activity. 19 Furthermore, genomic distribution of JMJD3 coincides with H3K4me3 in transcriptional start site of macrophages. 22 JMJD3 has also been shown to positively regulate gene transcription through histone methylation-independent mechanisms. 32, 33 Therefore, mechanisms by which JMJD3 regulates NF-kB in MDS need to be further investigated.
JMJD3 has been described as essential for cell lineage determination during cell differentiation, including macrophage, skin cells and neurons. 19, 2011 In this study, we have shown that knock down of JMJD3 in BM CD34 þ cells of lower-risk type of MDS resulted in increased erythroid differentiation, potentially the formation of erythroid blasts as suggested by increased GYPA expression. 23 This result suggests that JMJD3 can affect hematopoietic lineage determination. Furthermore, this result also has therapeutic implications as anemia is one of the most common clinical presentations of patients with MDS. In contrast to the observations in lower-risk samples, JMJD3 inhibition did not affect erythroid differentiation of BM CD34 þ cells of patients with higher-risk MDS. This discrepancy suggests that other molecular lesions cooperate with the deregulation of JMJD3 and innate immunity signals to contribute in the progression of MDS ( Figure 6 ). Although results of JMJD3 inhibition in MDS BM CD34 þ cells in this study should be considered exploratory and need to be validated in a larger cohort of primary MDS patient samples, they open new possibilities for the testing of potential new JMJD3 and/ or innate immunity signal inhibitors in MDS. For instance, a new JMJD3 inhibitor has recently been described. 34 Finally, the observation that several of the genes described here may have potential prognostic value reinforces the importance of these results for the identification of patients with MDS at different risk. These results should be considered exploratory and need to be validated in a larger cohort of patients. Larger studies are needed to correlate potential associations between innate immunity deregulation and specific clinical and molecular alterations in MDS.
We realize that there are several limitations to this study. First, we have only analyzed one histone mark using genome-wide CHIP-Seq in MDS BM CD34 þ cells. It is known that gene expression is regulated by a complex set of chromatin modifications. 35 For instance, it is well established that poised promoters in embryonic stem cells contain both H3K4me3 and H3K27me3 36 and that H3K4me2 is also critical for hematopoietic cell differentiation. 10 Technically, it is still not possible to perform an analysis of multiple histone modifications in MDS CD34 þ cells due to the very limited amount of cells available from an individual patient. Second, it has been shown that genetic manipulation of BM osteoprogenitor cells can result in an MDS phenotype in mice 37 and that MDS mesenchymal cells are abnormal. 38 Therefore, other cell populations that contribute to the pathogenesis of MDS, besides CD34 þ cells, should also be comprehensively analyzed. Regarding the role of JMJD3 in the regulation of multiple genes identified by CHIP-Seq, the presence of JMJD3 in the promoters of these genes still needs to be analyzed. Unfortunately, despite previous reports, there are no optimal antibodies for the CHIP of JMJD3 in human samples, particularly in primary BM samples. Finally, we need to characterize the effect of enforced overexpression of JMJD3 in this setting. This is complicated due to the large size of JMJD3 gene and also to the lower transgene efficiency in MDS/AML cells compared with other cell types.
In summary, these results suggest that a deregulation of innate immunity signal is common in the BM stem/progenitor cells of MDS and may contribute to the pathogenesis of the disease. We propose a model in Figure 6 . We also provide initial evidence that further characterization of JMJD3 and associated innate immunityactivating signals may have prognostic and therapeutic benefits in MDS.
